Introduction
Several research groups have reported the construction and operation of microcombustion-based energy conversion devices ͓1,2͔. The sustenance of combustion at small scales requires significant reduction of thermal and radical quenching, which are both strongly influenced by the temperature of the walls ͓3͔. To reduce the heat loss via radiation, thin-film based reflective radiation shields can be employed. However, whenever homogenous combustion occurs in millimeter or submillimeter scales, the wall and flame temperatures tend to be very high ͑flame temperatures are approximately the stoichiometric adiabatic flame temperature and the wall temperatures are ϳ1000°C ͓1͔͒. High wall temperatures make vacuum packaged heat shields difficult to construct and thus any other thin-film based radiation shields must be able to endure oxidizing conditions. This rules out metallic radiation shields ͑like Ta that exhibits good high-temperature characteristics and high reflectivity in the infrared ͑IR͒, which is the relevant wavelength range for the dominant radiative heat transfer occurring͒. Hence certain dielectric materials like tantalum pentoxide that have good high-temperature structural properties ͓4͔, resistance to oxidation, and low optical absorption in the IR are better candidates for the construction of reflective thin film radiation shields. Frequently, to make the thin-film radiation shields as reflective as possible, multiple layers of dielectrics with alternating high and low refractive indices are used ͓5͔ ͑for e.g., Ta 2 O 5 , SiO 2 ͒. However, this study focuses on Ta 2 O 5 deposited on Si and SiO 2 .
The heat transfer analysis we desire to conduct needs knowledge of the radiative optical properties ͑N = n − ik͒ at the temperatures of operation. However, despite an extensive literature search, the radiative optical properties for Ta 2 O 5 could not be found in the infrared at high temperatures. In fact, only the optical properties in the infrared for amorphous Ta 2 O 5 at room temperature ͓6͔ were found. Given that the exposure of a-Ta 2 O 5 to high temperatures converts it into its crystalline form ͓7͔, the optical properties of the crystalline form are required. Also, many authors have documented the diffusion of Si substrate into Ta 2 O 5 thin films when exposed to temperatures above 500°C ͓7,8͔. None of the many papers documenting such material changes report the optical properties of Ta 2 O 5 or the changes in optical properties due to the material inhomogenities.
An added complication for the estimation of optical constants at high temperatures is the change in the material composition that occurs at elevated temperatures. Hence, the effects of temperature and composition changes on the radiative optical properties must be deconvolved. In this study, thin films of Ta 2 O 5 on Si and SiO 2 were subjected to high temperatures ͑900°C͒. The changes in material properties and reflectance due to the high-temperature heat treatment are measured.
The paper first presents a brief description of the experimental techniques used to measure the changes in reflectance and also the changes in material properties. Then a generalized algorithm for calculating the optical properties from the reflectance is presented. The procedure to calculate the optical properties is developed for a stack of films with interfacial layers ͑formed by diffusion/ reaction͒ between them. The material analysis, which confirmed the formation of a thick interfacial layer between the Ta 2 O 5 and Si when heated to high temperatures, is discussed next. The reflectance measurements showing the increased absorption of films with interfacial layers between them and the substrate are shown next. Finally, the application of the admittance matrix based least square error ͑LSE͒ optimization to find the optical properties of the film and interfacial layer is discussed, showing that the interfacial layer is more optically absorbing than the film.
Experimental Techniques
Thin films of tantalum pentoxide were deposited by e-beam evaporation by using a Denton Infinity 22 vacuum deposition system ͑Denton Vaccum, NJ͒. The pressure for evaporation was maintained at 5 ϫ 10 −5 Torr or lower. The deposition was done either on top of a bare Si ͑100͒ substrate ͑one side polished͒ or on top of a thermally grown SiO 2 layer ͑on 100 Si͒. The film thicknesses were measured using a Dektak-3 stylus profilometer. Given the temperature of the flame and the wall, the wavelength range of the thermal radiation is from ϳ2 m to 20 m ͑Wien's law ͓9͔͒. The quarter wave optical thickness ͓10͔ for this wavelength range for Ta 2 O 5 and SiO 2 in the infrared is approximately 3-4 m. Hence, for investigating the effect of temperature on Ta 2 O 5 films on Si, films of ϳ3 m were deposited. The silica layers were grown using thermal oxidation and the Ta 2 O 5 films were deposited on it using e-beam deposition. Given that very thick films of Ta 2 O 5 could not be grown on silica without significant cracking ͑most probably due to thermal mismatch͒, the Ta 2 O 5 layers on the silica were ϳ1 m thick.
After the Ta 2 O 5 films were deposited, all the films were heated to 900°C. The heating and cooling ramp rates were 200°C/h and the heating time at 900°C was 9 h. The ramp rates and the heating time were based on trial and error to prevent cracking of the films and to completely crystallize the films.
The material studies on the films were done using two different methods: x-ray diffraction ͑XRD͒ to detect the crystallinity of the films, and Auger electron depth profiling spectroscopy to detect the formation of reaction/diffusion interfacial layers between the thin films. The Auger spectroscopy ͑Perkin-Elmer PHI-660 scanning Auger microscope͒ provided information on the elemental composition of the film before and after exposure to high temperatures. Similarly, the XRD ͑Rigaku D-Max͒ was used to check the crystalline nature of the film after heat treatment. It must be pointed out that the Auger depth profiling gives the material composition as a function of sputtering time, i.e., the time for which the film was sputtered by the ion gun in the Auger setup before analysis of the Auger electrons. The sputtering time can be translated into actual depth values only if calibration charts are available for the material, in the form being used ͑crystalline versus amorphous͒. Since calibration data were not available for the materials studied here, the Auger plots have been presented as a function of sputtering time. However, the Auger data can be used to determine the ratio of the thicknesses of two different sections ͑depthwise͒ of the film as long as the two sections are similar in stoichiometry.
The reflectance in the IR was measured using a Nicolet IR-750 Fourier transform infrared ͑FTIR͒ with a multiple angle reflectometer accessory fitted with wire-grid polarizers ͑Seagull attachment, Harrick Scientific, Ossining, NY͒. The measurements were done at multiple angles ͑25-60 deg angle of incidence with steps 5 deg apart͒. All of these measurements were done using the mercury cadmium telluride ͑MCT͒ detector with a 2 cm −1 resolution and covered the mid-IR range of the MCT detector ͑1.6-16 m͒. Given the reflective nature of the substrate, a polished gold mirror was used to collect the background spectra. The techniques and related issues for measuring the reflectance using a FTIR equipped with a Seagull reflectometer attachment are discussed in detail by Ford et al. ͓11͔ , and Kawka ͓12͔.
Data Reduction: Extracting Optical Properties From Reflectance for Multilayer Films With Interfacial Layers
The mathematical equations governing the interaction of electromagnetic fields with thin films are well documented in standard textbooks like MacLeod ͓10͔ and Born and Wolf ͓13͔. These equations, which are solutions of Maxwell's equations for the appropriate boundary conditions, allow the calculation of reflectance of a single thin-film or a multiple-film stack on a substrate. In this study, the optical admittance technique as described by MacLeod ͓10͔ is used to quantify the interaction of IR light with Ta 2 O 5 and SiO 2 thin films. A brief summary of these equations is presented here. A relevant schematic is shown in Fig. 1 .
The optical admittance, Y, of any layer ͑film or interfacial layer between films͒ is given by the matrix
and the angles are measured from the surface normal.
It must be noted that the optical constant N k , and hence the phase thickness ␦ k and the admittances are complex quantities. Also, note that the definition of k given here is applicable only for s-polarization. All other equations and quantities are defined the same irrespective of polarization. The optical admittance of a stack of thin films is simply the product of the admittances of individual layers
The reflectance is given by
where 0 is the admittance of air ͑=N 0 cos͑͒ for s polarization͒.
The above equations are sufficient to calculate reflectance when the optical properties and the individual layer thicknesses are known for all relevant wavelengths. Such a model accounts for the multiple reflections within a thin film. However, these equations do not account for the roughness between two films or between film and substrate. In this study the roughness was assumed to be smaller than the wavelength of light, given that the focus is on infrared radiation ͑sufficiently long wavelength͒. The reflectance at a particular angle of incidence and at a particular wavelength is a function of the admittance for that angle and wavelength calculated using the optical properties and thickness of the films and substrate, which can be summarized as
Despite the fact that the above set of equations completely describe the relation between the reflectance and the optical properties and thickness, the extraction of refractive index from the reflectance is not trivial ͓14͔. The complicating factors include the multiple solutions for a single value of reflectance and thickness. There are a variety of techniques cited in literature ranging from auxiliary data collected in transmission to use of Kramers-Kronig transform. Given the substrate in use, transmission studies are not feasible and Kramers-Kronig transforms tend to be approximate when the data are not available over the entire frequency range ͓15͔. Also, given that the thicknesses of the films are known, that the films are not very absorbing ͑since it is a dielectric͒, and that the optical constants are approximately known ͑from the literature for amorphous films ͓6͔͒, the use of a least square optimization technique combined with multiple reflection measurements was "1…-"5…. Each thin film layer has its own admittance as given by Eq. "1… and the whole stack's reflectance is given by Eq. "5…. The individual layers could be a homogenous film or be the interfacial layer between two different films.
used in this study. The use of reflectance data collected at different angles of incidence for the same film provides additional information and increases the confidence in the solution obtained by a least squares technique. The equations used and the overall algorithm is presented in the equations below. Note that the procedure remains the same for any number of layers involved and hence the equations, applicability extends to all the cases considered in this paper; film on substrate, film on substrate with an interfacial layer, etc. 
͑6͒
Since the above least square optimization is a multiple variable optimization, we use a quasi-Newton numerical method to solve them. In this paper, the optimization algorithm was implemented in Engineering Equation Solver ͑f-Chart solver, WI ͓16͔͒. The variable metric technique ͓17͔ was used to optimize the least square error. This software platform was chosen given its ability to deal with complex numbers and its built-in optimization techniques. Referring to Eq. ͑6͒, the number of variables involved increases ϳn times by the introduction of n different angles. Such an increase in variables leads to computational resource issues. In this study, the multiple angle optimizations were done for two different angles at any one time and then repeated for a different set of angles. The final sets of results are averaged values over these different sets. Also, the introduction of films/interfacial layers whose optical properties and thickness are unknown introduces up to three unknown dependent variables to be optimized for each film/interfacial layer. Given that multiple solutions are possible, good initial guess values are needed to arrive at the physically correct solution ͓14͔. Initial guess values for the thicknesses were obtained by combining the use of a stylus profilometer ͑Dektak-3͒ along with Auger depth profiles ͑used to estimate the ratio of interfacial layer to film thickness͒. The guess values for the optical properties are obtained using a plot of the peak positions as shown in Figs. 2͑a͒ and 2͑b͒ .
The reflectance shows numerous peaks and troughs due to interference between the light reflected at the air-film and the filmsubstrate boundaries. The position of these peaks and the peak maxima and minima values provide important clues about the optical properties ͓14,18͔. When a plot of the peak positions versus peak number is linear, the optical constant N can be assumed to be near constant ͑i.e., no anomalous dispersion etc.͒ in that wavelength regime ͓19͔. This linear result is seen in Fig. 2͑b͒ . Such a plot also provides guess values for the product of n ϫ d ͑i.e., product of the real part of the refractive index and the physical thickness of the film͒ ͓19͔.
The departure of maxima values from the substrate reflectance value reveals the presence of inhomogeneous layers ͓18,20͔. Similarly, the minima positions provide information on the value of the absorption coefficient ͓18͔. This procedure will be clearer when applied to the reflectance of tantalum pentoxide heated to a high temperature in the next section.
Results and Discussion
The first sample tested was a 3 m e-beam deposited sample of Ta 2 O 5 on bare Si. Figure 3͑a͒ shows the Auger depth profile of the as-deposited Ta 2 O 5 , while Fig. 3͑b͒ shows the Auger depth profile of the sample after heating it to 900°C. Apart from the material inhomogenities arising out of diffusion and reactions, the overall film thickness was measured using a profilometer to be 2.81 m ͑versus 3 m for the unheated sample͒. This reduction in thickness could be due to the densification of the as-deposited film ͓21͔ via consolidation of pores. Further, from Fig. 3͑b͒ , the ratio of interfacial layer to film thickness was estimated, giving an initial guess value of 0.4 m for the thickness of the interfacial layer. The reflectance measured using the FTIR is shown in Figs. 4͑a͒ and 4͑b͒ for the as-deposited film and the crystalline inhomogeneous Ta 2 O 5 film, respectively.
The Auger plots show the inhomogenities caused by heating the sample while the reflectance plots show the effect of these inhomogenities on the reflectance in the IR ͑Fig. 4͒. The main inference from Fig. 4͑b͒ is the increase in overall absorption upon heating the film.
Also, there are absorption peaks at higher wavelengths. These absorption peaks could correspond to crystalline Ta 2 O 5 or the TaSi x O y interfacial layer formed. The authors could not determine which of the two mechanisms is responsible from the FTIR peak positions alone, due to lack of the respective peak data in the literature. Also, an XRD analysis of the films before and after heating revealed that the as-deposited film was amorphous as expected and that the heated film had an orthogonal phase crystalline Ta 2 O 5 .
Similar measurements were done for Ta 2 O 5 on a 0.1 m thermal oxide layer grown on a Si substrate. The Auger plot for the crystalline form ͑verified using XRD͒ obtained after heating is shown in Fig. 5 , while the reflectance is shown in Fig. 6 . The significant change from the first sample, where the deposition was on bare Si, is the lower extent of the inhomogenities formed due to exposure to elevated temperature.
Summary of Optical Constants
The first as-deposited sample is amorphous Ta 2 O 5 , which when heated becomes a crystalline Ta 2 O 5 film with a significantly thick interfacial layer between film and substrate. In order to find the optical properties ͑N = n − ik͒ for the film before exposure to high temperature, it is modeled as a single layer of film on Si, which is treated as a semi-infinite substrate of known optical properties ͓22͔. The thickness of the film is taken as a known quantity, having been obtained from profilometer measurements. For the case of the inhomogeneous crystalline film with an interfacial layer obtained after exposure to high temperature, the film is discretized into two layers on top of Si. The thickness of the interfacial layer and the film are only approximately known ͑from the Auger depth profile, the ratio of thicknesses is approximately known and the total thickness is known from profilometer measurements͒. Figures 7 and 8 show the values of n and k and also the comparison between fitted value ͑based on n and k calculated here͒ and measured value for the reflectance in the IR. As mentioned above, the Fig. 3 "b……, note that the interfacial layer formed between the SiO 2 and the tantalum pentoxide is much thinner and also the film itself is more homogenous in material composition. For the amorphous as-deposited film, the optical properties were found for the 1.6-10 m wavelength range ͑Fig. 7͑c͒͒. In the portions of the reflectance spectrum, where the optical properties are not constant, which can be judged from the maxima and minima position values and their variation with wavelength ͓18͔, the nature of the variation in n and k was arrived at by trial and error until a best fit was achieved. A simple Cauchy dispersion relation fit did not produce a very good fit and was not used. The region up to 2.8 m shows very little absorption ͑k = 0.003͒. The film shows increasing absorption beyond 6.4 m. Beyond 10 m, the optical properties could no longer be calculated using the algorithm presented in this paper as the film became too absorbing and the optimization code would not converge for multiple angles. It might be possible to model the Ta 2 O 5 as a Lorentz oscillator and thus find its optical properties using the reflectance data collected at a single angle ͓23͔. However, such a study of the wavelengths where the absorption is very high does not add much to the study of the effect of interfacial layers formed as a result of high-temperature exposure and hence was not included in this study. For calculating the properties of the films with interfacial layers, the best fit was obtained when the interfacial layer between film and substrate was assumed to have constant optical properties ͑i.e., spectrally independent͒ and the Ta 2 O 5 to have varying optical properties. It is seen that the TaSi x O y interfacial layer has an n value similar to the Ta 2 O 5 film, but has much higher k values. This overall increase in absorption can be seen from the reflectance plot alone, but without calculating the optical properties, this increase could not be uniquely attributed to the formation of an interfacial layer, as it could be an effect of the conversion to crystalline form.
Once the optical properties of the first sample ͑3 m when as-deposited͒ before and after heating were calculated, they were used to calculate the reflectance of films of dimensions equal to the second sample ͑0.85 m when as-deposited͒. These films were on SiO 2 , whose optical properties are well documented in the literature ͓22͔. Hence the reflectance of the multilayer of SiO 2 and Ta 2 O 5 ͑amorphous or crystalline͒ can be calculated. At this point, it must be mentioned again that the thickness of the Ta 2 O 5 film on the thermal oxide is different from that on the Si. The effect of thickness of the film on the optical properties is beyond the scope of this study and hence the optical constants from the first sample were used to calculate the reflectance of the second sample. This was done in order to provide additional verification of the optical constants and also to verify their applicability to films on thermal oxide. Figure 9 compares the measured reflectance of an as-deposited 0.85 m Ta 2 O 5 film with the reflectance calculated from the optical properties derived using a 3 m Ta 2 O 5 film and it shows good agreement ͉͑R measured -R fitted ͉ Ͻ 0.02͒. Figure 10 similarly compares the reflectance after the 0.85 m film was heated to 900°C. Given that the Auger depth profile in Fig. 5 did not show a thick interfacial layer, it was assumed that the film on SiO 2 was simply a layer of crystalline Ta 2 O 5 on top of SiO 2 . The values of the crystalline Ta 2 O 5 optical properties were those obtained from the prior tested sample ͑Fig. 8͑b͒͒, and the SiO 2 optical properties were obtained from the literature ͓22͔.Once again, the agreement between fitted and calculated values is good ͉͑R measured -R fitted ͉ Ͻ 0.02͒ at all wavelengths from 1.5 m to 10 m͒ confirming the crystalline Ta 2 O 5 film optical properties and in effect also the optical properties of the interfacial layer between film and substrate.
Conclusions
Ta 2 O 5 films on Si when heated to 900°C showed the formation of an interfacial layer between the tantala ͑Ta 2 O 5 ͒ film and substrate. The reflectance measured before and after heating the sample showed decreased reflectance, especially at lower wavelengths. LSE optimization for the values of optical constants in the IR showed that the increased absorption was attributable to the interfacial layer formed. The interfacial layer thickness was seen to be much smaller for the films deposited on a thin SiO 2 layer, possibly due to the SiO 2 layer acting as a diffusion barrier to the Si. Finally, by using the optical constants calculated from the films on Si to calculate the reflectance of films on SiO 2 , the optical constant values were verified to be correct.
